, although, at times, upslope flow from the south or southeast transports air from the Denver metropolitan area (located -70 km to the southeast) to the site [Hahn, 1981; Johnson and Toth, 1982] . In our study all samples were collected before noon in order to increase the likelihood of sampling when the prevailing wind was from the west. Samples taken in this manner have the best chance of representing well-mixed background air. from over the western United States without interference from regional 
Sample Collection Procedures
At each site a different equipment system was used for air sampling. Niwot air samples were collected into passivated aluminum gas cylinders (Scott Marin, Inc., Riverside, California) pressurized using an RIX model SA-3 compressor [Lang et al., 1990] . The volume of gas in these cylinders was -793 L (STP) when pressurized to -13,800 kPa by the compressor. Air was drawn through a stainless steel tube that had its inlet secured to a 10 m tower at a height -6.5 m above ground level. Each cylinder was filled to -3450 kPa from the surrounding air and then purged to ambient pressure before the final fill to -13,800 kPa. Two drying tubes in series, each filled with magnesium perchlorate (Mg(C104)2), were located on the high-pressure side of the compressor just before the cylinder inlet. These were used to for •513C of CH 4 on only a small portion of the number of samples taken during PEM-Tropics A flights because of sampling logistics and the time constraints on laboratory analyses of samples. In practice, from 6 to 12 individual canisters collected in sequence were processed as a group (simultaneously) for isotope analysis by our laboratory. This procedure was used to provide a large enough sample for isotope ratio analysis of CH 4. Effectively each set of canisters combined as a group represented an integration over the period of flight time elapsed during sample collection. Overall, the time period of collection for grouped samples was comparable to that of air samples collected for 13CH4 content in other studies that used relatively large air [1991, 1992] . Although CO in Montafia de Oro samples was not measured directly, an approximate value for CO concentration was obtained by a calculation that divided the recovered CO in the vacuum line as determined by manometric measurement to the total amount of air processed assuming 100% recovery of CO.
Analytical Procedures (Sample Preparation)
Preparation of the samples for isotopic analysis was done on a combustion vacuum line that separates CH 4, CO, and CO2 trace gases from whole air (and from each other) while further converting CH 4 to CO 2 and H20 and converting CO to CO2 as the air stream moves toward the pump. Most of the details regarding the vacuum line design and procedure as well as improvements made over time have been reported previously [i.e., Lowe et al., 1991; Tyler et al., 1994a, b] . In brief, a series of cryo traps condensed trace gases such as CO2, H20 vapor, and N20 at liquid N 2 temperature, leaving CO and CH 4 in the air stream. The CO was converted to CO2 using I205 on silica gel, also known as Schtitze reagent (Leco Corp., St. Joseph, Michigan), before its removal using cryo trapping with liquid N 2. The CH4 was then converted to CO2 using platinized alumina pellets heated to 740øC, prior to its recovery using cryo trapping with liquid N2.
Two kinds of sample preparation tests were also made routinely. Taken together, they served to help ascertain the suitability of our analytical methods for keeping measurement data intercalibrated over the long time periods necessary to study isotopic trends. One test consisted of running dry zero air (<0.003 ppm CH 4 as judged by our GC measurements) through the vacuum line and checking for possible accumulation of condensible gases in each of the trapping sections of the vacuum line used to recover CO 2. This test helps determine the stability of the vacuum line by checking for potential contamination from either leaks into the line or outgassing of impurities from the combustion oven or Schtitze reagent. The second test consisted of routinely preparing and then processing on the vacuum line calibration gases of CH 4 in zero air using the same source of CH 4 each time. This test helps assess the long-term stability of our vacuum line, isotope ratio standards, and mass spectrometer and serves as an overall check on our precision of measurement for samples processed using the vacuum line.
Analytical Procedures (Mixing Ratios)
At UC, Irvine, CH 4 mixing ratios were measured using a Hewlett Packard 5880A gas chromatograph (GC) with packed columns and a flame ionization detector (FID).
The main
Analytical Procedures (Sample Measurement)
The converted CO 2 from recovered CH 4 in air samples was measured by a Finnigan-Mat model 252 isotope ratio mass spectrometer to determine 13C/12C ratios. The units of measurement are %o per mil for/513C with values for both gas standards and samples reported versus Peedee belemnite (PDB) carbonate [Craig, 1957] . The precision of measurement on clean dry CO2 gas standards was _+0.01%o. Overall measurements of an individual CH4 sample from field collections had a precision of +_0.05%o. The reproducibility of isotope measurements from like samples (i.e., multiple samples collected simultaneously) when all possible errors associated with sampling, processing, and measurement were taken into account was <+_0.10%o for 813C of CH 4.
Our working carbon isotope standard was CO2 gas purchased from Oztech Gas Co. (Dallas, Texas). They certified it to be -39.78%0 versus PDB. We compared it to two other CO 2 isotope reference materials. One was a CO2 working reference gas obtained from the National Instititute of Water and Atmospheric Research (NIWA) in New Zealand that had been assigned a value of-47.56-+0.01%o versus PDB by NIWA. The other was a barium carbonate powder recently made available by the International Atomic Energy Agency (IAEA) for use as a CO2 standard following prescribed methods for its preparation. Designated as IAEA-CO-9, it was reported to have a value of-47.12-+0.12%o (2c•, n=10, results of a blind test interlaboratory comparison), although isotope measurements reported by the producer were reported as/513C = -47.23-+0.03%o [Stichler, 1995] . Versus our Oztech gas standard, the NIWA CO2 gas standard had a value of -47.61_+0.03%o while CO 2 gas made in our laboratory from IAEA-CO-9 carbonate obtained directly from the original producer had a value of-47.18_+.04%o (from five prepared standards totaling 11 measurements). Our measured values for atmospheric CH 4 are reported without a correction to account for any offset in our values versus either the NIWA working reference gas or IAEA carbon isotope standard. Dur. ing dates when PEM-Tropics A air samples were processed, blanks were run on 25-45 L of air and found to have -0.7 gL of accumulated product in the CH 4 traps. As judged from the mass spectrometer analysis, these contamination blanks were quite variable in content; that is, they were a mixture of CO 2 and H20, and had /513C values of anywhere from -25 to -50%0. Tests of the efficiency of the Schtitze reagent in the vacuum line were made to determine if incomplete reaction between it and CO could cause some CO to be oxidized to CO2 by the platinized alumina and subsequently mixed with CO2 from CH4. oxidation. A series of calibration gases were made by pressurizing 32 L canisters with zero air to an appropriate pressure after first adding an aliquot of CO from a control lecture bottle of research grade CO (99.97% purity, Linde Division, Union Carbide Industrial Gases, Inc., Somerset, New Jersey). These tests revealed that <1.6% of all CO present in a 100 L volume of calibration gas with a CO mixing ratio of-1 ppm went unreacted in passing through the Schtitze reagent in our vacuum line. Less than 1% of all CO in a 220 L volume of calibration gas with a CO mixing of -200 ppb went unreacted. From these tests we concluded that the amount of CO breaking through the Schtitze reagent and combining with recovered CH4 using our vacuum line was negligible for our purposes. and -47.38%o. These tests showed that processing multiple aliquots of air sample and/or multiple measurements of an air sample on the mass spectrometer were unnecessary to obtain sufficient measurement precision for our study. In principle, we could adjust either Montafia de Oro or Baring Head data by 0.05%0 (making our determinations 0.04%0 heavier for the same samples measured by NIWA) to account for the offset between the two labs in measuring the NIWA reference gas. However, the uncertainty in the direct comparison of air samples (_+0.09%0) is larger than the offset. Furthermore, our offset in measuring barium carbonate provided by the original producer is 0.05%0 in the opposite direction from the NIWA gas when compared to the original value assigned by the producer (i.e., not the IAEA value). We prefer to ignore corrections of the order of a few hundredths of a per mil until we participate in an appropriate blind test interlaboratory comparison. At Niwot Ridge, where all samples were taken before noon, wind was usually from the west and was most often <8 km h -1 (see Figure 3a ). More importantly, even when wind was from a southern or southeastern direction, it did not appear to affect the •513C-CH4 values (see Figure 3b ). In contrast, Bollinger et al. [ 1984] studied NO x mixing ratios at Niwot Ridge and determined that there was a strong correlation between meteorological conditions and NO x at the site. Low NO x was associated with westerly winds (more likely in winter), while high NO x was clearly associated with Denver metropolitan pollution (more likely in summer). Events driving high-NO x periods included daytime warming causing a valley-to-mountain circulation with accompanying upslope winds (winter) and increased convection with easterly winds (summer). Our current wind data from Niwot Ridge also contrast with our previous experience at the site from samples collected between 1989 and 1992. At that time, morning winds were routinely stronger, and upslope winds from the southeast, biased by urban air, were likely if we sampled in afternoon or evening. However, in our 1995-1997 data set, removing data from samples taken during southerly and easterly winds does not appreciably change the results. Overall, it appears that the combination of taking early to late morning samples only during 1995-1997 and having mostly relatively calm days, thus far, has resulted in an 
Isotope Gas Standard Tests

PEM-Tropics Air Samples '
We measured air samples from six different flights during the PEM-Tropics A program. The data appear in Table 1 It is helpful to look at the data in Table 1 We looked for corroborating evidence for convective plumes and stratospheric subsidence in air samples from Table 1 using companion measurements of 03, CO, H20 vapor, C2H 6, C3H 8, and C2C14 made at the time of sampling (NASA PEM-Tropics A, archived data, 1997). We assumed that instances of high 0 3 with accompanying low CO, H20 vapor, and CH 4 mixing ratios at a given altitude were an indication of stratospheric subsidence, while instances of high 0 3 with elevated mixing ratios of CH4, CO, C2H6,, C3Hs,and C2cl 4 (present in urban plumes but not in biomass burning plumes) at a given altitude were an indication of convective events. Low 0 3 and surface level mixing ratios of CH 4, CO, C2H 6, C3H 8, and C2c14 were assumed to arise from convective events without accompanying biomass burning or urban air plumes. The degree of change in these values from that expected at altitude provides a measure of the strength of the influence of that event on the air sample. On each flight for which we had samples we plotted the observed concentrations for these compounds versus time for the entire flight track as well as for the portion of the track from which our samples were collected (data not shown). Using the chemical data described above, we determined that several air parcels providing data points in Table 1 were indicative of some degree of transport from another region. As identified by reference number in Table 1 , stratospheric subsidence had affected points 1 (strongly) and 11 (weakly), while convection from the surface had affected points 6, 7, 9, and 14 (all weakly, from urban plume), points 8 and 10 (moderately, from biomass burning), and point 13 (weakly, from a clean convective event). Although these determinations are qualitative, they aid in interpreting Table 1 We must stress that in comparing the levels of mixing ratio for various compounds to that expected for air unaffected by fast mixing events the use of terms such as strongly, moderately, and weakly is subjective. In no case were CH 4 mixing ratios in our PEM-Tropics A samples elevated appreciably above levels for background southern tropical tropospheric air at the surface. This Reaching a consensus for each KIE is very important because any proposed significant change in the KIEs of the sink processes alters the isotopic balance of the summed CH 4 sources and estimates of the various strengths and distributions of CH 4 sources to the atmosphere. Changes in the two most important KIEs also alter the calculated vertical profile of •513C of CH 4 significantly. Gupta et al. [1996] show that although C1 radicals are more concentrated in the stratosphere, some effect on CH 4 from reaction with C1 will be observed at lower altitudes because of vertical mixing between higher and lower altitudes. Although the OH reaction dominates CH 4 loss at all altitudes, beginning at -16 km, C1 abundance is great enough that direct reactions with CH 4 cause some of the 13C enrichment in CH 4 The effect of C1 on •513C-CH4 may be quite disproportionate relative to its abundance compared to OH at all altitudes depending on the KIEs of the two reactions in question.
Description of the Model and Basic Inputs
All models calculations were made using a modified version Table 2. It is important to realize that any reasonable set of source magnitudes and distributions will be sufficient to study mixing 
Model Results and a Comparison to Observations
The experimentally determined KIEs of Cantrell et al. [ 1990] and Saueressig et al. [1995] along with the source strengths and carbon isotope ratios in Table 2 
